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Members of both the bone morphogenetic protein (Bmp) and EGF-CFC families have been implicated in vertebrate
myocardial development. Zebrafish swirl (swr) encodes Bmp2b, a member of the Bmp family required for patterning the
orsoventral axis. Zebrafish one-eyed pinhead (oep) encodes a maternally and zygotically expressed member of the
GF-CFC family essential for Nodal signaling. Both swr/bmp2b and oep mutants exhibit severe defects in myocardial
evelopment. swr/bmp2b mutants exhibit reduced or absent expression of nkx2.5, an early marker of the myocardial
recursors. Embryos lacking zygotic oep (Zoep mutants) display cardia bifida and, as we show here, also display reduced or
bsent nkx2.5 expression. Recently, we have demonstrated that the zinc finger transcription factor Gata5 is an essential
egulator of nkx2.5 expression. In this paper, we investigate the relationships between bmp2b, oep, gata5, and nkx2.5. We
how that both swr/bmp2b and Zoep mutants exhibit defects in gata5 expression in the myocardial precursors. Forced
xpression of gata5 in swr/bmp2b and Zoep mutants restores robust nkx2.5 expression. Moreover, overexpression of gata5
n Zoep mutants restores expression of cmlc1, a myocardial sarcomeric gene. These results indicate that both Bmp2b and
ep regulate gata5 expression in the myocardial precursors, and that Gata5 does not require Bmp2b or Oep to promote early
yocardial differentiation. We conclude that Bmp2b and Oep function at least partly through Gata5 to regulate nkx2.5
xpression and promote myocardial differentiation. We integrate these and other data to propose a pathway of the molecular
vents regulating early myocardial differentiation in zebrafish. © 2001 Academic Press
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In zebrafish, the myocardial progenitors are located in the
ventrolateral marginal domain of blastula stage embryos
(Stainier et al., 1993). They involute early during gastrula-
tion and migrate anteriorly to form part of the anterior
lateral plate mesoderm (LPM) (Warga, 1996). The endoderm
apposed to the anterior LPM appears to play an important
role in promoting myocardial differentiation as removal of
this tissue in amphibian and avian embryos prevents the
formation of beating myocardial tissue (for review see
Lough and Sugi, 2000). Coculture experiments in chick
have revealed that signals from the anterior endoderm are
sufficient to induce the expression of a wide range of
myocardial genes, including nkx2.5, in noncardiogenic me-
soderm (Schultheiss et al., 1995). nkx2.5 encodes an Nk-
type homeobox transcription factor, and is one of the
1 To whom correspondence should be addressed. Fax: (415) 476-
c3892. E-mail: didier_stainier@biochem.ucsf.edu.
330earliest known markers of the myocardial precursors (Bod-
mer, 1993; Komuro and Izumo, 1993; Lints et al., 1993).
Bmp2, a member of the TGFb family of signaling mol-
cules, is expressed in the anterior endoderm in chick
mbryos and is sufficient to induce, in anterior medial
esendoderm, the expression of myocardial genes, includ-
ng nkx2.5 as well as gata4, -5, and -6 (Schultheiss et al.,
997; Schlange et al., 2000). Conversely, Noggin, a secreted
nhibitor of Bmp2, -4, and -7 (Zimmerman et al., 1996),
nhibits myocardial gene expression in vivo and in vitro
Schultheiss et al., 1997; Schlange et al., 2000). Together,
hese results suggest that Bmp2 secretion by the anterior
ndoderm is required for the differentiation of the adjacent
yocardial precursors.
The role of Bmp2 in vertebrate heart development is
urther emphasized by analysis of bmp2 mutants. Fifteen
ercent of mouse bmp2 mutants do not exhibit nkx2.5
expression (Zhang and Bradley, 1996). In the remainder of
the bmp2 mutants, the heart forms in the exocoelomic
avity rather than in the amniotic cavity. The zebrafish
0012-1606/01 $35.00
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331Bmp2b and Oep Act through gata5swirl (swr) locus encodes a homologue of mouse Bmp2
named Bmp2b (Kishimoto et al., 1997; Nguyen et al., 1998).
swr/bmp2b mutants exhibit little or no expression of
nkx2.5 (Kishimoto et al., 1997). swr/bmp2b is expressed in
broad ventrolateral domain in late blastula and early
astrula stage zebrafish embryos and swr/bmp2b mutants
re dorsalized, reflecting the role of Bmp2b in patterning the
orsoventral axis (Kishimoto et al., 1997; Nguyen et al.,
998).
Another family of extracellular factors implicated in
ertebrate myocardial development are the EGF-CFC pro-
eins, named for a characteristic epidermal growth factor
EGF)-like domain and a cysteine-rich CFC domain (for
eview see Schier and Shen, 2000). One member of the
amily, the mouse gene cripto, is expressed initially in the
nner cell mass and the primitive streak, and is later
estricted to the developing heart (Dono et al., 1993; John-
son et al., 1994; Minchiotti et al., 2000). cripto mutants
exhibit, in addition to disruption of anterioposterior axis
formation, defects in myocardial development as evidenced
by the absence of expression of terminal myocardial differ-
entiation genes such as amhc and mlc2a (Ding et al., 1998;
Xu et al., 1999). Zebrafish one-eyed pinhead (oep) encodes
another member of the EGF-CFC family that is essential for
Nodal signaling (Zhang et al., 1998; Gritsman et al., 1999).
Zygotically transcribed oep is required for the formation of
the endoderm, prechordal plate, and ventral neuroecto-
derm, as well as for the fusion of the myocardial primordia
at the embryonic midline (Schier et al., 1997). Initially
ubiquitous, oep expression progressively becomes restrict-
ed: at the onset of gastrulation, expression is found pre-
dominantly in mesendodermal progenitors at the margin.
During somitogenesis, oep expression is seen in the anterior
LPM among other places (Zhang et al., 1998).
Recently, we have demonstrated an early and essential
role for Gata5, a zinc finger transcription factor, in verte-
brate myocardial development (Reiter et al., 1999). Ze-
brafish Gata5 is encoded by the faust (fau) locus (Reiter et
al., 1999). fau/gata5 mutants exhibit cardia bifida and
greatly diminished expression of several myocardial genes,
including nkx2.5. Gata5 regulation of nkx2.5 may be direct,
as regulatory elements of mouse and Xenopus nkx2.5 con-
tain Gata-binding motifs essential for their function (Searcy
et al., 1998; Lien et al., 1999; Sparrow et al., 2000). Over-
expression of gata5 in zebrafish embryos can lead to the
ectopic expression of nkx2.5 and other myocardial genes,
and the occasional formation of ectopic, rhythmically con-
tracting myocardial tissue (Reiter et al., 1999). Therefore,
zebrafish Gata5 plays an essential role in the early events of
myocardial development.
gata5 is expressed in the myocardial lineage starting at
late blastula stages and therefore based on expression pat-
terns alone, it is not clear how swr/bmp2b, oep and fau/
gata5 interact to regulate nkx2.5 expression. In this work,
we use both mutant analyses and overexpression studies in
wild-type and mutant embryos to investigate the relation-
ships between swr/bmp2b, oep, fau/gata5, and nkx2.5, and
Copyright © 2001 by Academic Press. All rightto organize these genes into a pathway regulating early
myocardial differentiation. Using molecular markers, we
describe defects in early myocardial differentiation in swr/
bmp2b and Zoep mutants, and show that both mutants
exhibit significantly reduced expression of both nkx2.5 and
gata5. Forced expression of gata5 can restore nkx2.5 expres-
sion in both swr/bmp2b and Zoep mutants, indicating that
Gata5 can regulate nkx2.5 expression independently of
Bmp2b and Oep. Taken together, these results suggest that
signaling by Bmp2b and Oep regulates gata5 expression in
the myocardial precursors, and that Gata5 subsequently
regulates the expression of nkx2.5 and other myocardial
genes.
MATERIALS AND METHODS
Zebrafish Strains
Zebrafish were maintained and staged as described in Wester-
field (1995). Mutant alleles used were swrta72 (Mullins et al., 1996),
fautm236a (Chen et al., 1996), and oepm134 and oepz1 (Schier et al.,
1996). Zoepm134, the less affected allele, was used for the experiment
hown in Fig. 1B and Zoepz1 for all other experiments (see legend to
ig. 1).
Whole-Mount in Situ Hybridization and
Immunohistochemistry
We performed in situ hybridization and immunohistochemistry
s described (Alexander et al., 1998). The antibodies S46 and MF20
ere obtained respectively from Dr. Frank Stockdale (Stanford
niversity) and the Developmental Studies Hybridoma Bank,
aintained by the Department of Biological Studies, University of
owa under contract NO1-HD-2-3144 from the National Institute
f Child Health and Human Development.
mRNA Injection and Genotyping
Full-length, capped gata5 and tm236a messages were synthe-
sized from previously described templates (Reiter et al., 1999) by
using the SP6 mMessage mMachine system (Ambion). tm236a is a
mutant version of gata5 that includes a frameshift in the critical
second zinc finger domain (Reiter et al., 1999). Embryos were
injected at the 1–4 cell stage with 50 pg of gata5 or tm236a mRNA.
Zoepz1 embryos were genotyped using the PCR primers 59-
GTGAGGGGTCAGAATGTGTG-39 and 59-TCAGTCCAACG-
ACGGTAAC-39.
RESULTS
Oep and Bmp2b Are Essential for nkx2.5
Expression
In addition to defects in endoderm, prechordal plate, and
ventral neuroectoderm development, zebrafish embryos
lacking zygotically transcribed oep (Zoep mutants) display
defects in heart formation. Most conspicuously, Zoep mu-
tants exhibit cardia bifida, a failure of the paired myocardial
s of reproduction in any form reserved.
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332 Reiter, Verkade, and Stainierprimordia to migrate to the embryonic midline (Fig. 1B, and
Schier et al., 1997). Zoep mutants also produce less myo-
ardial tissue than their wild-type siblings (Figs. 1A and 1B).
ertebrate hearts are comprised of atrial and ventricular
omponents. Staining with antibodies that differentially
ecognize the two components reveals that the ventricular
issue is especially diminished in Zoep mutants (Fig. 1B).
xamination of myocardial gene expression reveals that
oep mutants do not express, or express very little, nkx2.5
Fig. 1C). Additionally, Zoep mutants exhibit dramatically
educed expression of other markers of myocardial differen-
iation such as cmlc1 (Reiter et al., 1999), cmlc2 (Yelon et
al., 1999), and a-Tropomyosin (Stainier et al., 1993) (see Fig.
3D, and data not included).
swr/bmp2b is required for patterning the zebrafish dor-
soventral axis (Kishimoto et al., 1997; Nguyen et al., 1998).
As previously shown (Kishimoto et al., 1997), swr/bmp2b
mutants usually fail to express nkx2.5 (6 of 8; Fig. 1D).
Myocardial Expression of gata5 Requires Bmp2b
and Oep
gata5 is first expressed at late blastula stages in the
marginal blastomeres and the yolk syncytial layer (YSL), an
extraembryonic tissue underlying the blastoderm (Reiter et
al., 1999; Rodaway et al., 1999). During gastrulation, gata5
expression is observed in two distinct blastodermal popu-
lations. Predominantly on the dorsal side, gata5 is ex-
pressed in large, flat endodermal cells (Fig. 2B, arrows;
Reiter et al., 1999; Rodaway et al., 1999). More ventrally,
gata5 is expressed in rounder, more superficial mesodermal
cells thought to include the myocardial precursors (Fig. 2B,
arrowheads; Reiter et al., 1999). At these stages, swr/bmp2b
is expressed predominantly in ventrolateral regions and oep
in the marginal zone (Kishimoto et al., 1997; Nguyen et al.,
1998; Zhang et al., 1998).
To further characterize early myocardial differentiation
in swr/bmp2b and Zoep mutants, we assessed their expres-
FIG. 1. Zoep and swr /bmp2b mutants exhibit defective myoc
ostfertilization (hpf) stained with MF20 and S46 antibodies. Red flu
nd somites and yellow fluorescence produced by the overlap of M
utants exhibit cardia bifida and produce less myocardial tissue,
oepm134 mutants contain more myocardial tissue than Zoepz1 m
ntibody staining (Fig. 1B) and to use Zoepz1 for all other experime
(C) 15-somite stage (16.5 hpf) and (D) 11-somite stage (14.5 hpf). nk
mutants.
FIG. 2. swr/bmp2b and Zoep mutants exhibit reduced or absent
(C, F) anterior dorsal views of gata5 expression. (A) At 50% epiboly
is indistinguishable from wild-type. (B) In wild-type embryos at 8
redominantly on the dorsal side (arrows) and smaller, rounder meso
entral, mesodermal expression of gata5, and appear to display
2-somite stage (15 hpf), gata5 is expressed in the anterior LPM. sw
ata5 expression in a few cells of unknown identity underneath the
ing by 50% epiboly. (E) At 80% epiboly, gata5 expression in Zoep
F) Zoep mutants do not express gata5 in the anterior LPM at the 12-so
Copyright © 2001 by Academic Press. All rightsion of gata5. swr/bmp2b mutants initiate and maintain
gata5 expression normally through blastula stages (Fig. 2A).
However, defects in gata5 expression become apparent
during gastrulation: at 80% epiboly, swr/bmp2b mutants
appear to exhibit an increased number and expanded distri-
bution of gata5-expressing cells of endodermal morphology,
and few if any gata5-expressing cells of mesodermal mor-
phology (Fig. 2B). [Examination of sox17 expression in
swr/bmp2b mutants confirms this endodermal phenotype
(Alexander, 1999).] After completing gastrulation, wild-type
embryos maintain gata5 expression in the anterior LPM.
Analysis of swr/bmp2b mutants during somitogenesis re-
veals that gata5 expression is severely reduced and not
organized into two lateral stripes (Fig. 2C). Anterior LPM
expression of gata4 and 6 is similarly diminished in swr/
bmp2b mutants (data not included).
As in swr/bmp2b mutants, gata5 is expressed normally
in Zoep mutants during late blastula stages. However, by
50% epiboly, expression of gata5 begins to diminish (Fig.
2D). During gastrulation, gata5 expression disappears from
the blastoderm of Zoep mutants, remaining only in the YSL
(Fig. 2E, and Rodaway et al., 1999). The absence of endoder-
mal gata5 expression in Zoep mutants reflects the role of
Oep in endoderm formation. However, the additional ab-
sence of mesodermal gata5 expression in Zoep mutant
gastrulae reveals that Oep is also essential for the mainte-
nance of gata5 expression in the myocardial precursors.
Anterior LPM expression of gata5 does not recover later in
Zoep mutants (Fig. 2F). Anterior LPM expression of gata4 is
similarly diminished in Zoep mutants (Jon Alexander and
D.Y.R.S., unpublished observations).
To determine whether Gata5 reciprocally regulates
bmp2b or oep, we analyzed fau/gata5 mutants and found
that neither bmp2b nor oep expression depends on Gata5
during either gastrulation or early somitogenesis stages
(data not included).
l differentiation. (A, B) Ventrolateral views of embryos at 36 h
cence indicates MF20 (TRITC) staining of ventricular myocardium
(TRITC) and S46 (FITC) staining marks atrial myocardium. Zoep
cially less ventricular tissue, than wild-type siblings. In general,
s, and, therefore, we selected to show a Zoepm134 mutant for the
igs. 1C, 2, and 3). (C, D) Dorsal views of nkx2.5 expression at the
expression is severely reduced or absent in Zoep and swr/bmp2b
expression in the myocardial precursors. (A, B, D, E) Lateral and
hpf), gata5 expression in the marginal cells of swr/bmp2b mutants
piboly (8.3 hpf), gata5 is expressed in large, flat endodermal cells
al cells on the ventral side (arrowheads). swr/bmp2b mutants lack
tral expansion of gata5-expressing endodermal cells. (C) At the
p2b mutants lack gata5 expression in the anterior LPM but exhibit
. (D) Zoep mutants exhibit decreased gata5 expression in the germ
tants is limited to the YSL and a few cells within the blastoderm.ardia
ores
F20
espe
utant
nts (F
x2.5
gata5
(5.3
0% e
derm
a ven
r/bm
head
mumite stage, but do express gata5 more posteriorly.
s of reproduction in any form reserved.
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334 Reiter, Verkade, and StainierFIG. 3. Forced expression of gata5 can restore nkx2.5 expression in swr/bmp2b mutants and cmlc1 expression Zoep mutants. (A, B) Dorsal
views of nkx2.5 expression at the 9-somite stage. (A) Injection of 50 pg of tm236a mRNA does not perturb nkx2.5 expression. tm236a
encodes a nonfunctional version of Gata5. Injection of 50 pg of wild-type gata5 mRNA in wild-type embryos leads to expanded expression
of nkx2.5 as shown previously (Reiter et al., 1999). (B) Overexpression of gata5 can restore bilateral nkx2.5 expression in swr/bmp2b
mutants. (C, D) Dorsal views of cmlc1 expression at 26 hpf. Overexpression of gata5 restores cmlc1 expression in Zoep mutants.
FIG. 4. A model of early myocardial differentiation. (A) A schematic of how signals before and during gastrulation may initiate myocardial
differentiation. Oep- and Bmp2b-dependent signaling positively regulate the expression of gata5 during late blastula and early gastrula
stages. Gata5 activates nkx2.5 expression. Fgf8 also plays a role in positively regulating nkx2.5 expression. Gata5 and Nkx2.5 can
subsequently physically associate to activate the expression of downstream myocardial genes. (B) Expression domains in the early
gastrulation (shield) stage zebrafish embryo. swr/bmp2b is expressed in a ventral gradient (red). oep is expressed in the marginal zone (blue).
The myocardial progenitors are located in a ventrolateral marginal domain, a region that is comprised within both the bmp2b and
oep-expressing domains.
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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335Bmp2b and Oep Act through gata5Gata5 Can Restore nkx2.5 Expression to
swr/bmp2b and Zoep Mutants
We have previously shown that overexpression of gata5
can expand nkx2.5 expression in wild-type embryos (Reiter
t al., 1999). To explore the functional relationships be-
ween Bmp2b, Oep, Gata5, and Nkx2.5, we injected gata5
RNA into swr/bmp2b and Zoep mutants and assessed
hether nkx2.5 expression or other aspects of myocardial
ifferentiation were rescued.
Injection of 50 pg of gata5 mRNA restored robust nkx2.5
xpression in 9 of 18 swr/bmp2b mutants (Fig. 3B; of 8
wr/bmp2b mutants injected with tm236a, which encodes
nonfunctional version of Gata5, 6 showed no nkx2.5
xpression and 2 showed a few nkx2.5-expressing cells).
nterestingly, in 7 of these 9 embryos, nkx2.5 expression
ppeared in the cardiac region. Forced gata5 expression does
ot appear to increase bmp2b expression or perturb dorso-
entral patterning (data not included), further indicating
hat Gata5 does not regulate bmp expression.
Forced expression of gata5 restored robust nkx2.5 expres-
sion in 3 of 13 injected Zoep mutants (data not shown; 1 of
5 tm236a-injected Zoep mutants exhibited a few nkx2.5-
expressing cells). As Zoep mutants survive longer than
swr/bmp2b mutants do, we were also able to assess the
effects of forced gata5 expression on other Oep-dependent
aspects of myocardial development. Zoep mutants exhibit
severely reduced or absent expression of cmlc1 (Fig. 3D), a
gene encoding a component of the myocardial sarcomere
(Reiter et al., 1999). Forced gata5 expression restored cmlc1
expression in 6 of 6 Zoep mutants whereas 0 of 11 tm236a-
injected Zoep mutants exhibited cmlc1 expression. These
cmlc1-expressing structures were observed to form at the
midline of the embryo and beat at a normal rate. Other
aspects of the Zoep mutant phenotype, including cyclopia
and somite abnormalities, were not affected by forced gata5
expression (data not included) and were used to identify the
mutant embryos.
DISCUSSION
Bmp2b Is Required during Gastrulation for
Myocardial Development
During chick embryogenesis, the myocardial precursors
are in contact with Bmp4-producing ectoderm from mid-
gastrulation (stage 4), and with Bmp2-producing endoderm
from late gastrulation (stage 5) (Schultheiss et al., 1997).
Bmp2 and Bmp4 can induce ectopic expression of nkx2.5,
and inhibition of Bmp signaling blocks myocardial gene
expression (Schultheiss et al., 1997). More recent studies in
chick using Noggin to suppress Bmp signaling in both
explants of anterior LPM and whole embryos have indicated
that Bmp signaling acts to promote myocardial gene expres-
sion from midgastrulation to early somitogenesis (stages
4–7) (Schlange et al., 2000). Similarly, studies in zebrafish
have shown that Bmp2b is required for the expression of
Copyright © 2001 by Academic Press. All rightkx2.5 during early somitogenesis stages (Kishimoto et al.,
997). Here, we show that myocardial gata5 expression is
educed in swr/bmp2b mutants from gastrula stages on-
ards. These results indicate that Bmp2b is required for
yocardial differentiation during late blastula or early
astrula stages. Furthermore, the finding that nkx2.5 ex-
ression is affected in fau/gata5 mutants suggests that the
efect in gata5 expression observed in swr/bmp2b mutant
gastrulae is likely responsible for the defect in nkx2.5
expression observed at later stages.
In chick, the endoderm appears to be required for myo-
cardial differentiation (for review see Lough and Sugi, 2000),
whereas, in zebrafish, myocardial differentiation appears
normal in mutants lacking all endoderm (Alexander et al.,
1999). It is possible that this difference stems from the
different distributions of Bmp expression. While a Bmp
signal appears to be essential for myocardial differentiation
in both organisms, this signal may come from the anterior
endoderm of the late gastrula in chick, and the ventrolateral
region of the late blastula and early gastrula in zebrafish.
As the myocardial progenitors are located in the ventro-
lateral marginal domain of blastula stage zebrafish embryos
(Stainier et al., 1993), it is possible that swr/bmp2b mutants
lack myocardial gene expression because ventral and lateral
fates are not specified. Indeed, in swr/bmp2b mutants,
dorsal fates such as axial mesoderm are expanded at the
expense of ventrolateral fates (Mullins et al., 1996). Alter-
natively, Bmp signaling may play a more direct role in
regulating gata5 expression in the myocardial precursors.
Analysis of the cis-elements regulating gata5 expression in
the myocardial precursors or targeted activation or inacti-
vation of bmp2b in a subset of cells in the marginal zone
may help distinguish between these possibilities.
Oep Is Essential for Early Myocardial Gene
Expression
Zoep mutants form little myocardial tissue, exhibit a
more severe ventricular than atrial defect, and show re-
duced expression of gata5 in the gastrulating myocardial
precursors and nkx2.5 at later stages. These results indicate
that Oep, like Bmp2b, is required for myocardial differen-
tiation during blastula or early gastrula stages.
Zebrafish Oep is essential for Nodal signaling, and has
been implicated in all of the functions of Nodal proteins,
including mesendoderm induction, anterioposterior axis
positioning, and left–right axis formation (for review see
Schier and Shen, 2000). cyclops and squint, two Nodal-
related genes, are expressed with oep in the myocardial
omain of blastula and early gastrula stage zebrafish em-
ryos (Erter et al., 1998; Feldman et al., 1998; Rebagliati et
al., 1998). This expression pattern and the early myocardial
defects observed in Zoep mutants suggest that Nodal sig-
naling plays an essential role in regulating gata5 expression
and early myocardial differentiation.
s of reproduction in any form reserved.
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336 Reiter, Verkade, and StainierBmp2b and Oep Function through Gata5 to
Regulate nkx2.5
Here, we have shown through forced expression experi-
ments that Gata5 is capable of restoring at least some
aspects of early myocardial differentiation in swr/bmp2b
and Zoep mutants, most notably the expression of nkx2.5.
hese data strengthen the observations that zebrafish
ata5 regulates nkx2.5 expression and suggest that addi-
ional outputs of Bmp2b or ZOep signaling are not required
o regulate nkx2.5 expression. It is possible, however, that
Bmp signaling involving a ligand other than Bmp2b plays a
later role in myocardial differentiation. Recent studies
utilizing ectopic expression of dominant negative Bmp
receptors in Xenopus indicate that Bmp signaling is re-
uired to maintain nkx2.5 expression (Shi et al., 2000;
alters et al., 2001). In addition, the zebrafish lost-a-fin (laf)
locus which encodes a type I Bmp receptor (Bauer et al.,
2001; Mintzer et al., 2001), also regulates heart formation
J.R., Emily Walsh, and D.Y.R.S., unpublished observa-
ions). Detailed analyses of laf mutant hearts should help us
urther understand the role Bmp signaling plays in verte-
rate heart formation.
As endodermal Gata5 does not direct expression of
kx2.5 in this tissue, the spatial regulation of nkx2.5 must
ely upon factors in addition to Gata5. In addition, general
verexpression of gata5 in swr/bmp2b mutants did not
ppear to lead to misexpression of nkx2.5 throughout the
mbryo. Forced gata5 expression led to nkx2.5 expression
referentially in one or two anterior stripes, parallel and
ateral to the embryonic axis. These observations suggest
hat factors not dependent on Bmp2b help to restrict the
xpression of nkx2.5 to these anterolateral domains, and
hat it is within these domains that Gata5 most effectively
nduces nkx2.5 expression. The extent of the restriction of
kx2.5 expression in these gata5-overexpressing embryos
mplies tight control of the myocardial domain. Fgf8, an-
ther factor that regulates nkx2.5 expression in zebrafish
(Reifers et al., 2000), may participate in this spatial restric-
tion.
Gata5 also restored cmlc1 expression to Zoep mutants.
Therefore, Gata5 can promote the expression of myocardial
genes other than nkx2.5, either directly, through nkx2.5 or
through some other downstream pathway. Gata5 appears
more efficient in restoring cmlc1 than nkx2.5 expression in
oep mutants, suggesting that Gata5 when overexpressed
an bypass the requirement for Nkx2.5 in this process. It
ill be important to determine through loss-of-function
xperiments the role of Nkx2.5 in regulating cmlc1 expres-
ion and other aspects of myocardial differentiation.
Of the eight zebrafish cardia bifida mutants identified to
ate, the myocardia of Zoep mutants are most similar to
hose of fau/gata5 mutants: both exhibit reduced expres-
sion of nkx2.5, are of similarly small size, and exhibit
similar defects in atrial-ventricular patterning. The similar-
ity of the myocardial defects in Zoep and fau/gata5 mutants
nd the ability of Gata5 to restore much of the Oep-
Copyright © 2001 by Academic Press. All rightependent program of myocardial development suggest that
he absence/reduction of Gata5 function may be the pri-
ary myocardial defect in Zoep mutants.
A Pathway Regulating Early Myocardial
Differentiation
Previously, we have shown that Gata5 functions as a
critical regulator of early myocardial differentiation. Here,
we have shown that both Bmp2b and Oep are required for
the expression of gata5 and nkx2.5 within the myocardial
recursors. Through gain-of-function experiments, we have
urther shown that Gata5 can induce nkx2.5 expression in
wr/bmp2b and Zoep mutants. Therefore, the loss of gata5
xpression is sufficient to explain why swr/bmp2b and
oep mutants fail to express nkx2.5. Cumulatively, these
esults underscore the central and essential role Gata5
erforms in early myocardial differentiation.
Additionally, these results begin to elucidate in vivo a
athway regulating early myocardial differentiation (Fig. 4).
e propose that Oep and Bmp2b regulate the expression of
ata5 in the myocardial precursors starting during late
lastula and early gastrula stages, respectively. Gata5 sub-
equently functions independently of Bmp2b and Oep to
ell-autonomously regulate early myocardial differentia-
ion. Here, we have emphasized Gata5’s regulation of
kx2.5 and cmlc1. Other work has suggested that Gata5
lso regulates the expression of cmlc2, vmhc, gata4, gata6,
nd hand2 (Reiter et al., 1999, and data not included).
lthough fgf8 is also expressed in the marginal zone of the
astrulating embryo, gata5 expression is normal in ace/fgf8
utants and conversely, fgf8 is expressed normally in
fau/gata5 mutants (J.R. and D.Y.R.S., unpublished observa-
tions). Together, these data indicate that Gata5 and Fgf8
regulate myocardial differentiation independently of each
other. Careful analyses of myocardial differentiation in
ace/fgf8 mutants and pharmacological inhibition studies of
Fgf signaling (Reifers et al., 2000) suggest that Fgf8 func-
tions to regulate nkx2.5 expression during early somitogen-
esis (i.e., after the myocardial precursors have begun to
express gata5) (Fig. 4).
Initially, Gata5 functions to activate nkx2.5. Subse-
quently, Gata5 and Nkx2.5 can physically associate to
activate the expression of downstream myocardial genes
(Durocher et al., 1997; Lee et al., 1998; Sepulveda et al.,
1998). It is interesting to note in the context of the pathway
shown in Fig. 4 that pannier, a gata gene important for
dorsal vessel development in Drosophila (Gajewski et al.,
1999), is itself regulated by Dpp (Ashe et al., 2000). Thus, a
myocardial regulatory cassette consisting of bmp/dpp,
gata5/pannier, and nkx2.5/tinman may be conserved
among metazoans.
In summary, this study begins to reveal how the signaling
events during gastrulation connect to the transcriptional
programs that direct myocardial differentiation. In addition,
the assembly of the pathway shown in Fig. 4 should
s of reproduction in any form reserved.
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thought to regulate myocardial differentiation in zebrafish.
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